Abstract-Area spectral efficiency (ASE) was introduced as a metric to quantify the spectral efficiency of cellular systems. Unlike other performance metrics, ASE takes into account the spatial property of cellular wireless system. In this paper, we generalize the ASE metric for arbitrary wireless transmission. Specifically, we introduce the concept of affected area, based on which we evaluate the spectral and power efficiency of three different transmission scenarios, namely single user point-topoint transmission, two-user X channel transmission and twohop relay transmission. We derive the closed-form expressions of resulting generalized ASE (GASE) metric for each transmission scenario over Rayleigh fading environment. We show through mathematical analysis and numerical examples that there is an optimal choice of transmitting power value in terms of maximizing the area spectrum efficiency.
I. INTRODUCTION
Wireless communication systems are carrying an increasing amount of data traffics and, therefore, will have growing ecological impact in the future. With the current rate of data traffic increase, the energy consumption in wireless networks will grow by approximately 20% per year [1] . Future wireless communication systems need to support the high-data-rate services with high spectral efficiency as well as high energy efficiency. Various transmission schemes and implementation structures are being developed to more energy efficiently accommodate the additional data traffic and approach the ultimate goal of green wireless communications. To evaluate and compare the 'greenness' of various solutions, we need effective performance metrics that can characterize the utilization efficiency of both radio spectrum and energy resource [2] . In this paper, we present and analyze such a metric to quantify the greenness of arbitrary wireless systems.
Most conventional performance metrics for wireless transmission focus on the quantification of either bandwidth utilization efficiency or link reliability. In particular, ergodic capacity and average spectral efficiency serve as the examples for the former whereas outage probability and average error rate for the latter [3] - [5] . Note that the ergodic capacity of the wireless link serves as the upper bound of achievable spectrum efficiency. Meanwhile, for the wireless transmission to be successful, the radio spectrum should not be simultaneously used by other transmission close to the transmitter and/or the receiver. The area affected by the radio transmission should also be considered when evaluating overall system spectrum efficiency. On another front, several metrics for quantifying the energy efficiency of wireless transmitter have been investigated [2] , [6] . These metrics, however, can not be directly related to the overall link spectral efficiency.
Area spectral efficiency (ASE) performance metric was introduced in [7] to quantify the spectrum utilization efficiency of cellular wireless systems. In cellular systems, the radio spectrum is systematically reused at different geometrical areas, i.e. co-channel cells [3] . Specifically, the co-channel cells will be separated by a minimum reuse distance of D such that their transmission will not seriously interfere with one another. As such, the same spectrum will be used only once over an area of the size of πD 2 /4. The ASE of cellular systems was therefore defined as the maximum data rate per unit bandwidth of a user randomly located in cell coverage area, over the area of πD 2 /4, with unit being b/s/(Hz · m 2 ). Recently, the ASE metric was applied to characterize the performance of two-tier cellular networks [8] . Note that the regular frequency reuse based on typical hexagon cell structure greatly facilitates the ASE analysis [9] . Meanwhile, to the best knowledge of the authors, the ASE of arbitrary wireless systems has not been investigated in the literature.
In this paper, we generalize the ASE performance metric to evaluate the spectrum and energy efficiency of arbitrary wireless transmission. The new performance metric, termed as generalized area spectral efficiency (GASE), is defined as the ratio of overall effective ergodic capacity over the affected area of the transmission. The affected area is defined as the area where a significant amount of transmission power is observed and parallel transmission over the same frequency is prohibited due to severe interference from/to target transmission. Note that the size of the affected area depends on various of factors, including transmission power, propagation environment, as well as receiver sensitivities. In particular, the average radius of the affected area will be proportional to the transmission 978-1-4673-3122-7/13/$31.00 ©2013 IEEE IEEE ICC 2013 -Wireless Communications Symposium power. Therefore, GASE also characterizes the transmission power utilization efficiency in achieving per unit bandwidth throughput and, as such, serves as a suitable quantitative metric for measuring the greenness of wireless communication systems.
In this paper, we analytically evaluate the GASE of three transmission strategies, i.e. the single user point-to-point transmission, the two-user X channel transmission [10] - [12] and the relay transmission [13] , [14] . For each strategy, the generic formula of GASE are presented with specific closedform expression for the Rayleigh fading environment derived whenever feasible. Through the analytical results and selected numerical examples, we investigate the GASE of different transmission strategies. We observe that in most cases, there exist optimal values for the transmitting power in terms of maximizing GASE, i.e. achieving the highest power efficiency for per-unit bandwidth capacity. Our analysis limits on the scenarios that transmitters and receivers have a single antenna, while noting that multiple antenna transmission and reception scheme will certainly increase the ergodic capacity of the system under consideration [15] . On the other hand, the effect of multiple antenna transmission has limited effect on the affected area if the same total transmission power constraint is imposed.
II. GASE FOR SINGLE USER POINT-TO-POINT LINK
Consider a point-to-point wireless link between generic source S and destination D. The source S is transmitting with power P t using an omni-directional antenna. For analytical tractability and presentation clarity, we assume that the transmitted signal experiences both path loss and multipath fading effects, ignoring the shadowing effect. In particular, the instantaneous channel power gain from S to D, denoted by |h| 2 , will be randomly varying due to the fading effect, with an average equal to the inverse of path loss between S and D,
Under the log-distance path loss model, linear path loss P L is given by K · d α , where K is a constant, d is the distance between transmitter and receiver, and α is the path loss exponent, which depends on the propagation environment. Without loss of generality, we assume K = 1. The instantaneous received signal power at the destination, denoted by P r , is then given by P t · |h| 2 . We also assume that the fading channel is slowly varying and, as such, the transmitter can adapt its transmission rate with the channel condition for reliable transmission.
By definition, GASE, denoted by η g , can be calculated as the ratio of the ergodic capacity over the size of the affected area A aff , i.e. η g = C Aaff . For the point-to-point link under consideration, the ergodic capacity can be calculated by averaging the instantaneous link capacity in bit per second per Hertz (bps/Hz) given by
where N is the total noise power, over the distribution of channel power gain |h| 2 . Mathematically speaking, we have
where f |h| 2 (·) is the PDF of |h| 2 . The affected area is defined as the area where a significant amount of transmission power is observed, i.e. the received signal power P r is greater than a certain threshold value P min . With fading, the probability that an area of distance r from the transmitter is affected is equal to the probability that the received signal power P r (r) is greater than P min , i.e. Pr[P r (r) ≥ P min ]. It follows that the affected area can be determined as
Therefore, GASE for point-to-point link can be calculated as
For the Rayleigh fading environment, both the channel power gain |h| 2 and the received signal power at distance r, P r (r), are modeled as exponential random variables (with mean given by 1/d α and P t /r α , respectively). It can be shown that the affected area specializes to
where Γ(·) denotes the Gamma function and the ergodic capacity is given by
where
t dt is the Exponential Integral function. Substituting (5) and (6) to (4), we can obtain the closedform expression of GASE for single user point-to-point link in Rayleigh fading environment as
In Fig. 1 , we plot the GASE of single user point-topoint link in Rayleigh fading environment as the function of transmission power P t for different path loss exponent α. As we can see, when the path loss exponent α is small, e.g. α = 3, the GASE η S g is monotonically decreasing function of the transmission power P t . This is because the affected area always increases faster than the average capacity when P t increases for small α values. On the contrary, if the path loss exponent α is large, the GASE η S g is no longer a monotonic function of P t and exhibits a peak value. Optimal P t value exists in terms of maximizing the GASE of point-topoint transmission. Fig. 1 also shows that the larger the path loss exponent α, the larger the maximum achievable GASE. However, we need to use higher transmitting power to achieve this maximum GASE. 
III. GASE FOR TWO-USER X CHANNELS
In this section, we generalize the GASE analysis to parallel interference channels, as illustrated in Fig. 2 . Specifically, two transmitters, S 1 and S 2 , send information to two receivers, D 1 and D 2 , respectively, over the same frequency band. Such interference channels, also known as X channels, occur due to insufficient spatial separation between receivers and as a result, there are mutual interference between transmissions. There has been growing interest on the capacity analysis and precoder design for X channels where both transmitters and receivers have multiple antennas, which can be explored for interference mitigation [10] - [12] . In this paper, we investigate the GASE of the basic scenario where all transmitters and receivers have a single antenna, while leaving the MIMO X channel as a topic for future research.
The distance and channel power gain from S i to D j , i, j ∈ {1, 2} are denoted by d ij and |h ij | 2 , respectively. Assuming that the same transmitting power P t is used at S 1 and S 2 , the instantaneous sum capacity of the X channel is given by
where Γ i , i = 1, 2, denote the received signal to interference plus noise ratio (SINR) at receiver D i , given by
It follows that the ergodic capacity of the X channel can be calculated as
where f Γi (·) is the PDF of SINR Γ i . Based on definition for affected area adopted in this work, a particular area is affected if the total received signal power from both transmitter is greater than P min . Specifically, the probability that an area of distance r 1 to transmitter S 1 and distance r 2 to transmitter S 2 is affected can be calculated as the probability that the total received signal power P r (r 1 ) + P r (r 2 ) is greater than P min , i.e. Pr[P r (r 1 ) + P r (r 2 ) ≥ P min ]. It follows that the affected area of parallel transmission can be calculated as 
α . It follows that the ergodic capacity of X channel over Rayleigh fading can be calculated, after applying (12) into (10) with integration by part, as
(13) Specifically, the ergodic capacity is a function of ρ i and λ ii , which are determined by transmission power P t , path loss exponent α and the distance between the transmitter S i and receiver D j . It is easy to verify that when ρ i → ∞, which means that the interfering transmitters are far from the desired receiver, the sum capacity of X channels becomes the sum of the ergodic capacity of two point-to-point channels. For Rayleigh fading environment, the PDF of the total received signal power at a location of distance r 1 to transmitter S 1 and distance r 2 to transmitter S 2 , Z = P r (r 1 ) + P r (r 2 ), can be obtained as
Accordingly, the probability that this area is affected is determined as
Substituting (15) into (11), we can numerically calculate the affected area, which can then be applied, together with (13), to evaluate the GASE of two-user X channels under Rayleigh fading environment. 3 plots the GASE of X channels over Rayleigh fading as the function of the common transmitting power of both transmitter P t for different value of ρ 1 = ρ 2 = ρ. Note that ρ is the ratio of the distance to interfering transmitter to desired transmitter, which characterizes the severeness of mutual interference between transmissions. For reference, we also plot the GASE of single user point-to-point channel η S g with the same system configuration. As we can see, twouser parallel transmission can achieve higher GASE than single user transmission only when ρ is much greater than 1, i.e. interfering transmitter is much farther away than desired transmitter. The reason is that when ρ is small, the capacity benefit due to parallel transmission is limited because of mutual interference while the parallel transmission will affect a larger area than single user transmission. Similar to the single user transmission case, there is an optimal choice of the transmitting power level for each value of ρ. Finally, when comparing the curves for X channel with ρ = 2 and single user cases, we notice that although the X channel achieves higher maximum GASE, its GASE performance deteriorates faster than single users cases as P t increases, mainly due to the increasing level of interference.
IV. GASE FOR RELAY TRANSMISSION
In this section, we consider the scenario where S transmits data to D with the help of the intermediate relaying of node Fig. 4 . Such relay transmission was first considered by van der Meulen in [16] . Cover and El Gamal derived the capacity bound for degraded relay channels in [17] . Recently, there has been great interest on relaying techniques due to their potential benefits of coverage extension and spectral efficiency improvements [13] , [14] . We now evaluate the GASE of relay transmission when relay R carries out either decode-and-forward (DF) or amplify-and-forward (AF) operation in a half-duplex mode and the direct S-D link does not exist.
The channel power gain from S to R and from R to D are denoted by |h 1 | 2 and |h 2 | 2 , respectively. The transmission power at the transmitter and the relay are P t1 and P t2 , respectively. The ergodic capacity of the relay transmission can be calculated as
where f Γeq (·) denotes the PDF of the equivalent end-toend SNR Γ eq . For DF relaying protocol, Γ eq is equal to
Γ eq is given by [14] 
The affected area for the source and relay transmission step, denoted as A 1 aff and A 2 aff , can be calculated using (5) with correspondent transmission power P tn . Finally, the overall GASE for relay-assisted transmission strategy is, while noting that each transmission step finishes half of the data transmission, given by
For Rayleigh fading environment, the PDF of Γ eq for DF case can be obtained, as that of the minimum of two exponential random variables, as
where λ n = P tn /(Nd α n ). It follows that the ergodic capacity for DF case can be derived as
For AF, the PDF of the equivalent SNR Γ eq is approximately obtained as [18, eq. (18) ]
where K 0 (·) and K 1 (·) is the zero-order and first-order modified Bessel function of the second kind, respectively. Substituting (21) into (16), we can calculate the ergodic capacity of relay transmission with AF protocol C AF , which can then used to evaluate the GASE of relay transmissions. In Fig. 5 , we compare the GASE of relay transmission with point-to-point transmission. Specifically, the GASE of both DF and AF cases are plotted as function of common transmission power P t1 = P t2 = P t for different value of path loss exponent α. The relay node R is assumed to be at the center point along the line between S and D. As we can see, similar to direct transmission case, there exist optimal values for transmitting power P t in terms of maximizing the GASE. We note also that the maximum GASE of relay transmission are much higher than direct transmission and they are achieved with much smaller transmission power than direct transmission. From this perspective, introducing relay node can greatly improve the greenness of wireless transmission. On the other hand, if the transmission power is set too large, the GASE of direct transmission becomes slightly larger than that of relay transmission, partly due to the half duplex constraint on relay transmission. Therefore, the relay-assisted system is power efficient only when the transmission power is adjusted to proper values.
V. CONCLUSION
In this paper, we generalized the ASE performance measure for conventional cellular systems to evaluate the greenness of arbitrary wireless transmission. We obtained the analytical expression of the resulting metric GASE for three transmission strategies over Rayleigh fading environment. We focused on the relationship between GASE and the transmission power in this investigation. We observed that for single user pointto-point transmission strategy, there is in general an optimal transmission power level that maximizes GASE. We also noticed that the two user X channel transmission can outperform the single user point-to-point transmission strategy only when the interference transmitter is far away from the desired receiver and the transmitter power is not set too high. Finally, relay transmission strategy can achieve a much better GASE performance using relatively smaller power when the transmission power is selected properly and relay node is situated at a favorable location. As an on-going effort, we are extending the analysis to the scenario where the interference outside the affected area needs to be taken into account.
